A conformational analysis of ethyl 3-(3,4,5-trihydroxyphenyl)-2-propenoate (ethyl 3,4,5-trihydroxycinnamate, ETHPPE), a polyphenolic cinnamic ester which displays antiproliferative activity towards human adenocarcinoma cells, was carried out by Raman spectroscopy coupled to ab initio MO calculations. Apart from the optimised geometrical parameters for the most stable conformations of this compound (both for the trans and cis isomers), the corresponding harmonic vibrational frequencies were obtained. Eighteen distinct geometries were found, 12 for the lowest energy trans isomer and six for the cis species. The conformational preferences of this system were verified to be mainly ruled by the stabilising effect of p-electron delocalisation, a planar geometry being favoured. The orientation of the ester moiety showed to be the most determinant factor for the overall stability of the molecule. In the light of these results, a complete assignment of the corresponding Raman pattern was performed. q (M.P.M. Marques).
Introduction
Phenolic acid derivatives are a group of compounds, present in the human diet in significative amounts, which display an enormous variety of biological functions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , such as antioxidant activity, anti-inflammatory action, and carcinogenesis modulation (e.g. due to their prooxidant capacity that may induce oxidative damage of DNA, proteins or cell lipids). Epidemiological studies linking the prevalence of certain diseases to dietary patterns often show an inverse correlation between a specific diet (particularly rich in leafy green vegetables) and certain pathologic states, namely neoplastic disorders [14, 15] . The cytotoxic activity of phenolic systems, closely related to their antioxidant properties [3, [16] [17] [18] , is ruled by their structural characteristics (which determine their lipophilicity and degree of incorporation into the cells). The nature of the biological target, the environmental conditions and the phenol dosage and bioavailability are also factors influencing the therapeutic ability of this kind of compounds.
The evaluation of the antioxidant/antiproliferative activity of phenolic derivatives, either of natural or synthetic origin, aiming at the development of new and more effective anticancer drugs, is nowadays an important area of research in the field of Medicinal Sciences. Indeed, numerous studies have been carried out in order to find new leader compounds (e.g. structurally based on benzoic and cinnamic acids [19, 20] ), suitable for obtaining either cancer chemopreventive or chemotherapeutic agents. Even though there is a wealth of data on the relevance of phenolic compounds as growthinhibition agents, the correlation between anticancer activity and chemical structure is far from clear. In fact, no thorough structure-activity relationships (SAR's) may be drawn from the literature, as no systematic study was performed to this date. One of the problems is the scattering of the reported data, which results from different methods of assessment, varying Journal substrate systems and miscellaneous concentrations of putative antiproliferative compounds. The hydroxycinnamic acid derivative trans-3-(3,4,5-trihydroxyphenyl)-2-propenoic acid (THPPE) and its esters transethyl(3,4,5-trihydroxyphenyl)-2-propenoate (ETHPPE) and diethyl 2-(3,4,5-trihydroxyphenylmethylene)malonate (E2THPPE) ( Fig. 1 ) have lately been synthesised and evaluated for their antioxidant and anticancer activities [21] . The monoester ETHPPE was found to display significant growthinhibition and cytotoxic effects towards a human cervix adenocarcinoma cell line (HeLa), along with a low toxicity against non-neoplastic cells (human skin fibroblasts), in accordance with reported data for the analogous caffeic and gallic esters [22, 23] . Marked structure-activity relationships (SAR's) were found to rule the antioxidant and anticancer activities of these hydroxycinamic acid derivatives. Actually, their biological functions were determined to be intrinsically dependent on the number and relative orientation of the ring hydroxyl substituents, as well as on the presence of alkyl ester side chains and their chemical nature and spatial orientation (e.g. linear vs branched, saturated vs unsaturated). Therefore, the knowledge of these conformational preferences is of the utmost importance for the understanding and/or prediction of the antioxidant and anticancer properties of this kind of systems.
In the present work, a complete conformational analysis was performed for trans-ethyl(3,4,5-trihydroxyphenyl)-2-propenoate (ETHPPE), by Raman spectroscopy coupled to ab initio MO calculations (at the DFT level). A comparison with the analogous diester diethyl 2-(3,4,5-trihydroxyphenylmethylene) malonate (E2THPPE) was carried out. This study was intended as a continuation of the one previously reported for the corresponding 3-(3,4,5-trihydroxy-phenyl)-2-propenoic acid (THPPE) [24] .
Experimental

Synthesis
Trans-3-(3,4,5-Trihydroxyphenyl)-2-propenoic acid (3,4,5trihydroxycinnamic acid, THPPE) and trans-ethyl 3-(3,4, 5-trihydroxyphenyl)-2-propenoate (trans-ethyl 3,4,5-trihydroxycinnamate, ETHPPE) were synthesised as described elsewhere [24] . The compounds were identified by both NMR and EI-MS. The data obtained is in accordance with that described in [24] .
Diethyl 2-(3,4,5-trihydroxyphenylmethylene)malonate (E2THPPE) was synthesised according to the process described by Hubner et al. [25] Infrared spectra were recorded on a ATI Mattson Genesis Series FTIR spectrophotometer, using potassium bromide disks. Only the most significant absorption bands are reported (n max , cm K1 ). 1 H and 13 C NMR data were acquired at room temperature, on a Brüker AMX 300 spectrometer operating at 300.13 and 75.47 MHz, respectively. DMSO-d 6 was used as a solvent; chemical shifts are expressed in d (ppm) values relative to tetramethylsilane (TMS) as an internal reference; coupling constants (J) are given in Hz. Assignments were also made from distortionless enhancement by polarization transfer (DEPT) (underlined values). Electron impact mass spectra (EI-MS) were carried out on a VG AutoSpec instrument; the data are reported as m/z (% of relative intensity of the most important fragments). Melting points were obtained on a Köfler microscope (Reichert Thermovar) and are uncorrected.
Ab initio MO calculations
The ab initio calculations-full geometry optimisation and calculation of the harmonic vibrational frequencies-were performed using the GAUSSIAN 98W program [26] , within the Density Functional Theory (DFT) approach, in order to properly account for the electron correlation effects (particularly important in this kind of conjugated systems). The widely employed hybrid method denoted by B3LYP, which includes a mixture of HF and DFT exchange terms and the gradientcorrected correlation functional of Lee, Yang and Parr [27, 28] , as proposed and parametrised by Becke [29, 30] , was used, along with the double-zeta split valence basis set 6-31G** [31] . Wavenumbers above 400 cm K1 were scaled by a factor of 0.9614 [32] before comparing them with the experimental data. The basis set superposition error (BSSE) correction for the dimerisation energies was estimated by counterpoise (CP) calculations [33] , using the MASSAGE option of GAUSSIAN 98W.
Molecular geometries were fully optimised by the Berny algorithm, using redundant internal coordinates [34] : The bond lengths to within ca. 0.1 pm and the bond angles to within ca. 0.18. The final root-mean-square (rms) gradients were always less than 3!10 K4 hartree bohr K1 or hartree radian K1 . No geometrical constraints were imposed on the molecules under study.
Raman spectroscopy
The Raman spectra of the ETHPPE solutions (in Dimethylsulfoxide, DMSO) were obtained at room temperature, in a triple monochromator Jobin-Yvon T64000 Raman system (0.640 m, f/7.5) with holographic gratings of 1800 grooves mm K1 . The detection system was a nonintensified CCD (Charge Coupled Device) and the entrance slit was set to 200 mm. The 514.5 nm line of an Ar C laser (Coherent, model Innova 300) was used as excitation radiation, providing ca. 50 mW at the sample position. Samples were sealed in Kimax glass capillary tubes of 0.8 mm inner diameter. Under the above mentioned conditions, the error in wavenumbers was estimated to be within 1 cm K1 .
Fourier transform Raman spectra were recorded for the solid samples (in order to avoid fluorescence), in a RFS 100/S Bruker spectrometer with a 1808 geometry, equipped with an InGaAs detector. Near-infrared excitation was provided by the 1064 nm line of a Nd:YAG laser (Coherent, model Compass-1064/500N). A laser power of 200 mW at the sample position was used in all cases, and resolution was set to 2 cm K1 .
Reagents
Reagents. 3,4,5-trihydroxyaldehyde, trans-caffeic acid, dimethylsulfoxide, monoethylmalonate, diethylmalonate and malonic acid were purchased from Sigma-Aldrich Química S.A. (Sintra, Portugal). Dimethylsulfoxide-d 6 (99.8%) was obtained from E. Merck, Darmstadt, Germany. All other reagents and solvents were pro analysis grade, purchased from Merck (Lisbon, Portugal).
Results and discussion
Ab initio MO calculations
A complete conformational analysis was carried out for ethyl 3-(3,4,5-trihydroxy-phenyl)-2-propenoate, through ab initio MO calculations: the geometries, relative energies and populations at room temperature were obtained for the distinct possible conformers, for both the cis and trans ETHPPE isomers (dihedral (C 11 C 10 C 9 C 3 ) equal to 08 or 1808, respectively, Fig. 2 ). Harmonic vibrational frequencies were calculated for each structure, in order to confirm the convergence to minima in the potential energy surface. The effect of several structural parameters on the overall stability of the molecule was investigated, namely: (i) orientation of the whole (C 9 aC 10 -ethyl ester) substituent relative to the aromatic ring-internal rotation around the C 9 -C 3 bond (dihedral (C 10 C 9 C 3 C 2 ) equal to 08 or 1808); (ii) orientation of the ester moiety relative to the aromatic ring-rotation about the C 11 -C 10 bond (dihedral (O 13 C 11 C 10 C 9 ) equal to 08 or 1808); (iii) orientation of the ethyl group relative to the carbonylrotation around O 13 -C 11 (dihedral (C 21 O 13 C 11 C 10 ) equal to 1808 or 08, defining a S-cis or a S-trans conformation, equal to 08 or 1808) or out-of-plane. Eighteen different conformers were found for ETHPPE, 12 for the trans isomer (tETHPPE) and six for the cis species (cETHPPE) (Figs. 2 and 3). A planar geometry showed to be favoured due to the stabilising effect of the p-electron delocalisation between the aromatic ring and the C 9 aC 10 and C 11 aO 12 double bonds, which is maximum when they are coplanar. The only non-planar calculated conformers-tETHPPE 5, tETHPPE 6, cETHPPE 5 and cETHPPE 6-are highly destabilised, tETHPPE 5 being the only one populated at room temperature (1%) ( Fig. 2 ). tETHPPE 5, tETHPPE 6 and cETHPPE 5 display a central hydroxyl group which is almost perpendicular to the plane of the ring-(H 18 O 7 C 6 C 5 ) equal to 91.98, 91.38 and 94.08, respectivelywhile in cETHPPE 6 the (C 9 aC 10 -ethyl) moiety lies ca. 14.68 out-of-plane ((C 10 C 9 C 3 C 2 ) dihedral) and the ethyl ester is tilted by 83.68 ((C 25 
Similarly to what was verified for THPPE [24] , the cis isomers of ETHPPE ((C 11 C 10 C 9 C 3 ) dihedral equal to 08)-cETHPPE 1-6 (Figs. 2(b) and 3(b))-display a quite lower stability than the trans species ((C 11 C 10 C 9 C 3 )Z1808, Figs. 2(a) and 3(a)), despite the possible occurrence of intramolecular medium-strength H 15 /H 16 /O 12 interactions in cis-ETHPPE, yielding a seven-membered intramolecular ring (d(H 15 /H 16 / O 12 ) between 200 and 211 pm). Actually, p-delocalisation is surely more effective in the geometries displaying a linear (zigzag) C 9 aC 10 -ethyl ester chain (trans geometries). Moreover, the additional stabilisation (by at least 9.4 kJ mol K1 ) of cETHPPE 1 as compared to cETHPPE 2 is explained by the higher electronic delocalisation in the former, due to the identical orientation of the ring OH's and the CaO group. For these cis structures a C 9 -C 3 rotation proved to be highly unfavourable: cETHPPE 1 ((C 10 C 9 C 3 C 2 )Z08, DEZ0) vs cETHPPE 2 ((C 10 C 9 C 3 C 2 )Z1808, DEZ9.4 kJ mol K1 ), and cETHPPE 3 ((C 10 C 9 C 3 C 2 )Z08, DEZ16.7 kJ mol K1 ) vs cETHPPE 4 ((C 10 C 9 C 3 C 2 )Z1808, DEZ18.4 kJ mol K1 ). Furthermore, an internal rotation around C 11 -C 10 -e.g. conversion between conformers cETHPPE 3 and cETHPPE 6 ( Fig. 3 (b))-showed to cause a significant degree of steric hindrance involving the ethyl ester moiety, which resulted in an additional rotation of this group relative to the plane of the aromatic ring ((C 25 C 21 O 13 C 11 )Z83.68 in cETHPPE 6).
Regarding the position of both the (C 9 aC 10 -ester) moiety and the ethyl ester group relative to the benzene ringassociated to the rotations around C 9 -C 3 and C 11 -C 10 , respectively-those conformations displaying the same orientation of the carbonyl group and the ring OH substituents (syn conformations) showed to be energetically favoured, on account of a more effective p-electron delocalisation: tETHPPE 1 ((C 10 C 9 C 3 C 2 )Z1808, DEZ0) vs tETHPPE 2 ((C 10 C 9 C 3 C 2 )Z 08, DEZ0.6 kJ mol K1 ), and tETHPPE 3 ((C 10 C 9 C 3 C 2 )Z08, DEZ4.1 kJ mol K1 ) vs tETHPPE 4 ((C 10 C 9 C 3 C 2 )Z1808, DEZ 5.2 kJ mol K1 ). For (C 10 C 9 C 3 C 2 )Z08, in turn, the geometries displaying a close-to-linear arrangement of the ester substituent were found to be stabilised: tETHPPE 2 ((O 13 C 11 C 10 C 92 )Z 1808, DEZ0.6 kJ mol K1 ) vs tETHPPE 3 ((O 13 C 11 C 10 C 9 )Z08, DEZ4.1 kJ mol K1 ) (Figs. 2(a) and 3(a)). Similarly, for (C 10 C 9 -C 3 C 2 )Z1808, conformer tETHPPE 1 ((O 13 C 11 C 10 C 9 )Z1808, DEZ0) is favoured relative to tETHPPE 4 ((O 13 C 11 C 10 C 9 )Z08, DEZ5.2 kJ mol K1 ). This is in agreement with the results previously obtained for THPPE [24] . However, for those Internal rotation around O 13 -C 11 -defining the relative position of the ester moiety-was found to be the most determinant factor for the overall stability of this kind of systems. Actually, the only two conformers with an ethyl Strans orientation were determined to be greatly unfavoured as compared to their S-cis counterparts: tETHPPE 11 ((C 10 C 9 C 3 C 2 )Z08, DEZ33.9 kJ mol K1 ) vs tETHPPE 1 ((C 21 O 13 C 11 C 10 )Z1808, DEZ0), and tETHPPE 12 ((C 10 C 9 C 3 C 2 )Z08, DEZ36.2 kJ mol K1 ) vs tETHPPE 2 ((C 21 O 13 C 11 C 10 )Z1808, DEZ0.6 kJ mol K1 ) (Figs. 2(a) and 3(a)). These S-trans geometries are the highest energy ones obtained for ETHPPE, probably as a result of destabilising H 20 /H 26 and H 20 /H 27 repulsive interactions (H 20 /H 26 /H 27 distances equal to 227 pm) ( Fig. 3(a) ). In fact, even the nonplanar cis isomer cETHPPE 6, displaying an S-cis ester group, is favoured relative to the trans conformers tETHPPE 11 and tETHPPE 12 (DEZ20.7 vs 33.9 kJ mol K1 and 36.2 kJ mol K1 , respectively, Fig. 2) , possibly due to the formation of a stabilising intramolecular H 15 /O 13 close contact (d(H 15 / O 13 )Z211 pm, Fig. 3 ) which is not possible in tETHPPE 11 and tETHPPE 12.
Regarding the orientation of the ring hydroxyl groups, it was verified that an identical conformation of the three OH's, coplanar with the ring, rendered the most stable conformers, since it leads to a minimisation of the steric repulsions between adjacent OH's and allows the formation of medium strength intramolecular O/ H bonds (O/ H distances between 217 and 219 pm, Fig. 3 ). In turn, those geometries where one of these hydroxyls has an opposite orientation relative to the other two, although still in-plane with the aromatic ring ((H 17 In turn, an out-of-plane hydroxyl group, quasi-perpendicular relative to the benzene ring ((H 18 O 7 C 6 C 1 ) ca. 908)-tETHPPE 5, tETHPPE 6 and cETHPPE 5-was verified to be responsible for a clear destabilisation (Fig. 2) , along with an orientation of the two neighbouring H 22 Fig. 3 ): regarding the trans species-tETHPPE 1 (DEZ0) vs tETHPPE 5 ((H 18 O 7 C 6 C 1 )Z91.98, DEZ10.6 kJ mol K1 ), and tETHPPE 3 (DEZ4.1 kJ mol K1 ) vs tETHPPE 6 ((H 18 O 7 C 6 C 1 )Z91.38, DEZ14.8 kJ mol K1 ); for the cis isomers-cETHPPE 1 (DEZ0) vs cETHPPE 5 ((H 18 O 7 C 6 C 1 )Z 94.08, DEZ19.3 kJ mol K1 ). As expected, no minimum energy geometries were obtained when any two ring hydroxyls were directed towards each other. This is in accordance with the results previously reported for the corresponding acid THPPE, for which only one such geometry was calculated as a highly unfavoured conformer [24] . Table 1 comprises the calculated optimised geometries for the lowest energy trans-and cis-ETHPPE geometries (values for the other conformers are available from the authors upon request). These structural parameters do not deviate much from the X-ray values found in the literature for the analogous dihydroxylated cinnamic acid (known as caffeic acid) [35] , and also agree well with the calculated values previously reported for trans-caffeic acid [36, 37] and trans-THPPE [24] . The smaller number of conformers calculated for ETHPPE relative to THPPE (18 vs 21) is a result of destabilising steric hindrances due to the presence of the ethyl ester group, quite bulkier than the carboxylic OH (thus affecting the energy barriers of interconversion between conformers, involving rotation around CO-OR).
The harmonic vibrational frequencies were calculated for all ETHPPE conformers, as well as for the corresponding diester E2THPPE (data available from the authors upon request). Table 2 comprises the calculated wavenumbers for the two most stable ETHPPE geometries, as well as for the lowest energy conformer of E2THPPE, showing a good overall agreement with both the experimental data and the theoretical values obtained by the authors for the analogous acid trans-THPPE [24] and for trans-caffeic acid [37] .
It is well known that this kind of phenolic compounds (either carboxylic acids or esters) occur predominantly as dimeric/oligomeric structures in the condensed phase, formed through intermolecular (O)H/O(aC) interactions. Therefore, calculations were performed for dimeric species of trans-ETHPPE and the analogous carboxylic acid trans-THPPE, in order to achieve a more accurate representation of these molecules in the solid state. The dimeric structure comprising two equal monomers of tETHPPE 1 (Fig. 4(a) ) was found to display quite strong hydrogen close contacts between the carbonyl and the ring hydroxyl substituents-(O)H 22 / O 12 (aC) distances of 175 pm-yielding an overall geometry identical to the most stable dimer calculated for THPPE ((O)H/O(aC) equal to 180 pm, Fig. 4(b) ). The presence of the ethyl ester groups in the tETHPPE 1 dimer is responsible for a tilted relative orientation of the two monomeric moieties as compared to the planar geometry of the THPPE dimer ( Fig. 4(a) and (b)), in order to minimise steric repulsions. This type of close contacts between the ring hydroxyls and the carbonyl group are clearly favoured, even when top-to-top H-bond interations between the terminal carboxylic functions may occur, in the phenolic acid analogues: for THPPE, for instance, the second lowest energy dimeric species was found to correspond to such an interaction ( Fig. 4(c) ) and displays a conformational energy 4.5 kJ mol K1 higher than the most stable dimer (with populations at room temperature equal to 16 and 84%, respectively).
Raman spectroscopy
A complete assignment of the experimental bands of trans-ETHPPE was carried out, based on its calculated vibrational frequencies (Table 2) , as well as on experimental and theoretical results previously obtained for analogous compounds, such as caffeic acid [37] and THPPE [24] . The presence of the cis isomer is found to be negligible in the product synthesised as presently described, due to its much lower stability (which is corroborated by the theoretical results previously discussed). Fig. 5 comprises the solid state experimental Raman spectra (from 100 to 1750 cm K1 ) of trans-ETHPPE, as well as of the corresponding acid trans-THPPE and the diester E2THPPE. The most characteristic features detected for solid ETHPPE were (Fig. 5 , Table 2 ): (i) OH vibrations-stretching modes between ca. 3400 and 3300 cm K1 , and deformations from 1360 to 1000 cm K1 ; (ii) CaO stretching mode (with a rather low Raman scattering activity)-at 1660 cm K1 (1640 cm K1 in the acid); (iii) CaC stretching vibrations, both from the pendant carbon chain and the aromatic ring, yielding the most intense band in the spectrum (the latter displaying a higher Raman activity)-at ca. 1601 cm K1 (at 1612 cm K1 in the acid); (iv) CH vibrations-stretching modes, both symmetric and asymmetric, around 3000 and 2900 cm K1 respectively, and CH 2 / CH 3 deformations, between ca. 1475 and 1100 cm K1 ; (v) CH 3 torsion, around 260 cm K1 .
While for both the acid and the monoester the CaC bonds from the carbon chain and the aromatic ring gave rise to an intense feature at 1612 and 1601 cm K1 , respectively, two bands were observed for the diester, at 1608 and 1625 cm K1 , assigned to n CaC(ring) and (n CaC(chain) Cn CaC(ring) ) ( Fig. 5 , Table 2 ), the former having a much higher calculated Raman activity. Regarding the estern C-O oscillator, a deviation to high wavenumbers was observed when going from THPPE (1132/ 1105 cm K1 calculated) to the esters ETHPPE (1204 cm K1 experimental vs 1248 cm K1 calculated) and E2THPPE (1271/ 1244 cm K1 experimental vs 1236/1222/1196 cm K1 calculated) ( Table 2) , which may be explained by the larger force constant of the C-O bond in the latter, due to the enhancement of the inductive effect upon esterification. As to the n CaO vibrational mode, a shift to high frequencies was detected for the esters (Fig. 5) : 1640 cm K1 for THPPE, 1660 cm K1 for ETHPPE, and 1717 and 1676 cm K1 for E2THPPE (respectively, in-phase and out-of-phase vibrations). This behaviour was not predicted by the calculations for the isolated molecule-n CaO at 1739, 1719 and 1727/1712 for THPPE, ETHPPE and E2THPPE, respectively ( Table 2 )-since these do not consider the intermolecular close contacts occurring in the condensed phase and mostly affecting the modes involving the carbonyl and hydroxyl groups.
In fact, both the n CaO and n OH oscillators were found to display a significant downward shift relative to the calculated values ( Table 2) , as expected according to the previous results on caffeic acid [37] and THPPE [24] . This is a consequence of the presence of dimers in the condensed phase, typical of this type of phenolic carboxylic acids/esters, where stabilising (O)H/O(aC) intermolecular close contacts give rise to rather stable dimeric/oligomeric species [38, 39] (Fig. 4) . These findings are corroborated by the ab initio results obtained for both THPPE [24] and ETHPPE monomeric vs dimeric geometries: for the OH group involved in an intermolecular close contact in ETHPPE n OH was shown to shift from ca. 3695 to 3430 cm K1 (in good agreement with the observed bands at 3399-3342 cm K1 , Table 2 ). These n OH vibrations usually yield broad Raman features (not easily detected experimentally), as a consequence of these intermolecular hydrogen close-contacts. The ester CaO stretching (n CaO ), also known to be affected by dimerisation, showed an expected deviation to low frequencies upon H-bond formation: from 1719 cm K1 in the monomer to 1682/1657 cm K1 in the dimeric species (in accordance with the experimental value of 1660 cm K1 , Table 2 ). Furthermore, the bands ascribed to the C 1 -O 14 stretching, and particularly to the inplane O 14 H 22 bending mode, displayed a clear upward shift due to dimer formation: from 1366 and 1248 cm K1 (respectively) in the monomer to 1390 and 1440 cm K1 in the dimer. Consequently, the calculated wavenumbers associated to the groups prone to be involved in intermolecular hydrogen close-contacts (dimeric structures) presented a very good agreement with the experimental values obtained for the solid.
In view of better understanding the effect of dimerisation on the Raman pattern of ETHPPE, particularly on the n CaO oscillator, spectra were obtained for DMSO solutions. DMSO was chosen has a solvent since it is Raman-transparent in the spectral region of interest, and any possible interaction with the ester-via (O)H/O(aS) close contacts, reflected in a band at ca. 1750 cm K1 [40]-is known to occur only for very high solvent:solute ratios (much higher than the ones used along this study).
While for the solid the CaO group gave rise to only one stretching band, at 1660 cm K1 , for ETHPPE-DMSO 40 mMsolution two features were assigned to n CaO , at 1710 and 1684 cm K1 (Fig. 6 ), the former being slightly enhanced in the 20 mM-solution. Considering that the dimer:monomer ratio decreases upon dilution, i.e. when going from the solid sample to the solution, these two bands were ascribed to the free and hydrogen-bonded forms of the CaO group, respectively (in analogy with the THPPE system previously studied [24] ). In fact, the higher relative population of monomeric species in the solution is reflected in the observation of free carbonyl groups, not involved in intermolecular H-bonds-n CaO mode at 1710 cm K1 in agreement with the value of 1719 cm K1 calculated for the isolated molecule ( Table 2 ). The H-bonded CaO groups give rise to a stretching band at 1684 cm K1 , which corresponds to the band at 1660 cm K1 detected for the solid. The intensity increase of the 1710 cm K1 feature upon dilution corroborates this hypothesis. When compared to the substituted benzaldehydes for which this type of dimeric structures has been initially reported [41, 42] , the frequency shift observed for ETHPPE (and analogous systems) is quite larger, on account of the higher electronic delocalisation occuring in these hydroxycinnamic derivatives due to the presence of the unsaturated linear carbon chain: ca. 10 cm K1 vs ca. 50 cm K1 , respectively.
The C-O stretching vibration also showed to be affected by this dimer-monomer equilibrium, displaying a shift from 1281 cm K1 in the solid, to 1256 cm K1 in the solution (Fig. 6) . The typical phenolic OH bending vibration at about 1358 cm K1 was also found to suffer changes upon dimerisation (from the solution to the solid state, Fig. 6 ), which is easily understandable in view of the involvement of some of these hydroxyl groups in the dimerisation process (Fig. 4) . The n CaC mode from the carbon chain, in turn, undergoes an upward shift when going from the dimer (1601 cm K1 ) to the monomer (1628 cm K1 ), while the ring n CaC appears at roughly the same frequency (1603 cm K1 ). Moreover, a new feature is detected in the spectrum of the solution at 1256 cm K1 (Fig. 6 ), which is assigned to both C 1 -O 14 stretching and in-plane C 1 -O 14 -H 22 deformation-thus being directly affected by the formation of dimeric structures such as the one represented in Fig. 4 .
Conclusion
The conformational analysis performed for ETHPPE rendered eighteen distinct conformers, twelve for the trans isomer and six for the cis species, with structural differences concerning the conformation of the ethyl ester group and the adjacent unsaturated carbon chain, as well as the orientation of the three ring hydroxyl substituents. Two of these conformers-tETHPPE 1 (DEZ0) and tETHPPE 2 (DEZ 0.6 kJ mol K1 )-were found to be particularly stable, with populations at room temperature of 47 and 37%, respectively. The conformational preferences of this molecule, mainly determined by an effective p-electron delocalisation coupled to a minimisation of repulsive interactions, were found to be: a planar geometry; an S-cis orientation of the ester group; a (C 11 C 10 C 9 C 3 ) dihedral equal to 1808; an identical orientation of the hydroxyl groups, coplanar with the ring; a syn conformation of the carbonyl group and the ring OH's. The preference for planarity was expected, since it favours electron delocalisation through the expanded p system of the hyperconjugated molecule of ETHPPE. Thus, non-planar geometries arose only in order to overcome steric hindrance destabilising factors (such as H/H interactions), whose minimisation resulted to be more favourable then the maintenance of planarity.
Comparison of the conformational results presently described with the ones reported for THPPE allows to conclude that the additional degrees of freedom introduced by esterification are mainly reflected in the internal rotation around the O 13 -C 11 bond, which showed to be the most important factor determining the overall stability of the ETHPPE molecule. Also, the S-cis to S-trans energy difference was found to be almost unaffected by the presence of the ethyl ester group as compared to the carboxylic function (DE ca. 11.5 kJ mol K1 for both ETHPPE and THPPE). Furthermore, the conformational analysis performed for the analogous dihydroxylated cinnamic acid (CA) [37] evidences that inclusion of a third OH ring substituent (as in THPPE and ETHPPE) does not significantly affect the structural preferences described for this kind of phenolic systems.
A complete assignment of the solid state Raman spectrum of trans-ETHPPE was carried out, in the light of the ab initio calculations and the reported data on the analogous compounds THPPE [24] and caffeic acid [37] . A quite good agreement was found between the results now obtained for ETHPPE-both calculated and experimental vibrational wavenumbers-and the data found in the literature for similar molecules, both from theoretical and spectroscopic studies [24, [37] [38] [39] 43, 44] .
In conclusion, this kind of conformational analysis carried out for phenolic derivatives, through ab initio theoretical calculations coupled to vibrational spectroscopy, are of the utmost importance for understanding the structure-activity relationships (SAR's) ruling the biological activity of such compounds. In fact, the hydroxycinnamic acid derivatives presently studied were found to display both antioxidant [21] and cytotoxic properties against human cancer cell lines [22, 23] , that can only be accurately interpreted in the light of the corresponding conformational analysis.
